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The  Graphite/Silicon@reGO  composite  was  synthesized  via spray  drying  and subsequent  annealing.
According  to XRD,  Raman  spectroscopy  and  FT-IR,  graphene  was  demonstrated  to  be existed  in the com-
posite.  Moreover,  SEM  and  TEM  were also  used  to  illustrate  the  morphology  of  Graphite/Silicon@reGO.
Used as  anode  for  lithium-ion  battery,  it  exhibited  good  cyclability  with  a high  reversible  charge  capacityvailable online 25 April 2013
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of  575.1  mAh  g−1 and  showed  a capacity  retention  ratio  of  73.1%  after  50 cycles  at  a current  density  of
50  mA  g−1. It  also  presented  good  rate  capability  at different  rates  of 50–1000  mA g−1. EIS test  showed  that
the  composite  electrode  had  a lower  SEI  resistance  and  charge-transfer  resistance  due  to  the  existence
of  graphene.
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.node
. Introduction
Lithium-ion battery is a key component of portable equipment,
specially in cell phones, digital cameras, notebook computers and
lectric vehicles (EV) [1–3]. But graphite, the commercial anode for
i-ion batteries, cannot meet the ever increasing energy density
equirements for applications due to its limited theoretical capac-
ty of 372 mAh  g−1 [4]. Various materials (such as hard carbons
5], Sn-based anodes [6,7], Si-based anodes [8,9], and metal oxides
10,11]) capable of storing lithium reversibly were investigated to
ncrease the speciﬁc capacity of negative electrodes. Because of the
bundance in nature, low cost and high theoretical capacity, silicon
ecomes an attractive candidate for anode of lithium-ion batteries.
owever, due to the repeated alloying and de-alloying process of
i with silicon, silicon particles show severe volumetric changes
about 300%) which results in the crumbling of active materials
nd conductive network breakage, leading to poor cycle perfor-
ance [12]. Considerable efforts have been made to reduce therreversible capacity and the capacity fading of the electrode upon
rolonged cycling. And most work on Si-based anode materials has
een focused on the issues of volume, conductivity and particle
     
∗ Corresponding author. Tel.: +86 13975804008.
E-mail addresses: hjguo csu@163.com, 317054068@qq.com (H. Guo).
013-4686 © 2013 The Authors Published by Elsevier Ltd  .    . 
ttp://dx.doi.org/10.1016/j.electacta.2013.04.083
Open access under CC BY-NC-Nmorphology changes during charge–discharge cycling. Some effec-
tive methods are as follows: (1) Developing synthetic strategies
which use nanostructure Si-based anode materials to release the
structural stress, such as well-dispersed nanoparticles without
aggregation [13], 3D porous bulk Si particles [14], and Si nanotubes
[15]; (2) Developing composite materials where Si is dispersed
homogeneously within an electrochemically inactive matrix
[16]. The electrochemically inactive phase usually comprises a
ductile and conducive matrix which can compensate mechanical
stresses/strains by the active Si-based phase;(3) Developing the
composite materials where nano-sized silicons are dispersed
homogeneously within electrically conductive and also electro-
chemically active matrix. Among them, Si-carbon composite anode
materials seem to be the most promising for practical application
in LIBs.
The cycling stability had been greatly enhanced by employ-
ing amorphous carbon [17], graphite [18], carbon nanotube [19],
and mesoporous carbon [20] as carbon matrix. Due to its superior
electronic conductivity, large speciﬁc surface area and excel-
lent structural ﬂexibility, graphene can act as a good carbon
matrix to buffer the volume change of silicon particles and
maintain a stable conductivity network. Many researchers have
obtained graphene and nano-silicon composites through chemi-
cal reduction of graphene oxide solution containing nano silicon,
such as graphene/nanosized silicon composites [21] and silicon
nanoparticles–graphene paper composites [22].
Compared to other carbon matrix, graphene can easily fold and
deform to a ﬂexible, 3D macroscale graphene networks which can
act as a wonderful conﬁning structure to construct the connection
D license.
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oxide to graphene is estimated to be 40%. As the mass ratio of
graphite, nano-Si and GO in Graphite/Silicon@GO was  designed
as 9:1:1.4, it can be deduced that the mass ratio of graphene in
Graphite/Silicon@reGO is about 5.3% with the assumption that the18 L. Gan et al. / Electrochim
etwork of graphite and silicon [23]. The networks can buffer the
olume change of silicon particles and also provide pathways for
ransportation of electrons and lithium ions, improving both the
lectrical conductivity and the lithium ion diffusion rate of the elec-
rode [24]. Meanwhile, other than simply synthesizing Si-graphene
omposites, graphite was added as a main matrix of the composites
n this work with following considerations. Firstly, graphite is also a
ood supporting host matrix because of its small volume expansion
9%) on lithium intercalation and ideal cycle stability. These fea-
ures are further helpful for accommodating the volume change of
ilicon. Secondly, the addition of graphite can scatter nano-silicon
articles and prevent the agglomeration of these particles which
an be often found in Si-graphene composites [22]. Thirdly, in Si-
raphene composites, too low graphene content cannot ease the
olume effect of the silicon particles while high graphene content
ill reduce the overall reversible capacity and coulombic efﬁciency
ecause of the furious reaction between the graphene with high
urface area and the electrolyte [21]. The introduction of graphite
s the third phase will promote to ﬁnd a balance between cycle
tability, overall reversible capacity and coulombic efﬁciency.
In this research, we presented a spherical Graphite/
ilicon@reGO composite synthesized by a spray drying and
ubsequent annealing approach. Thermal reduction of graphene
xide was used to obtain graphene other than chemical reduction.
his makes a shorter treatment process and much more green
ynthesis method. And graphene is ﬁrstly used as carbon matrix
o connect ﬂake graphite and nano silicon. The structure, mor-
hology and electrochemical performance of the composite were
nvestigated.
. Experimental
.1. Preparation of Graphite/Silicon@reGO composite
Graphite oxide was synthesized by the Hummers’ method [25].
he delamination of graphite oxide into graphene oxide (GO)
as achieved by ultrasonic treatment. The ﬁnal suspension of GO
as concentrated to a content of ∼3.5 mg  mL−1. Then, commer-
ial nano-Si (>99.9%, 1 g, ∼30 nm,  Shuitian Materials Technology
o. Ltd, Shanghai, China) and graphite (>99%, 9 g, ∼3 m,  Qingdao
ianhe Graphite Co., Ltd, Shandong, China) were dispersed in the
s-prepared GO suspension by ultra-sonication for 2 h. The mass
atio of graphite, nano-Si and GO was designed as 9:1:1.4. After
hat, the obtained suspension was spray dried in a spray dryer unit
t a rate of 20 mL  min−1 with inlet and outlet temperatures main-
ained at 150 ◦C and 100 ◦C, respectively. The spray-dried precursor
denoted as Graphite/Silicon@GO) was calcined at 600 ◦C for 2 h in a
ube furnace with a ﬂowing Ar atmosphere, then cooled naturally to
mbient temperature. And the ﬁnal obtained sample was  denoted
s Graphite/Silicon@reGO. For comparison, the as-prepared GO sus-
ension was processed in the same procedure as described above to
et graphene oxide power (GO) and thermally reduced GO (reGO).
he graphite/silicon composite (Graphite/Silicon) with the mass
atio (9:1) was prepared by mechanical blending.
.2. Material characterization
The structure of as-prepared samples was characterized by pow-
er X-ray diffraction (XRD, Rint-2000, Rigaku) with Cu K radiation
 = 0.15406 nm)  and Raman spectroscopy (514.5 nm,  Ar-Ion laser
n LabRAM Aramis). Fourier transform infrared spectra (FT-IR)
f the samples were recorded on a WQF-410 spectrophotometer
Beijing Secondary Optical Instruments, China). The morphol-
gy was measured by scanning electron microscopy (SEM, JEOL,
SM-6360LV) with accelerating voltage of 20 kV and transmissionta 104 (2013) 117– 123
electron microscope (TEM, Tecnai, G12). TG–DTA (SDT Q600 V8.0
Build 95, Universal V4.0C TA Instruments, USA) was conducted
under Ar atmosphere with a ﬂow rate of 40 mL min−1 from room
temperature to 800 ◦C at 10 ◦C min−1.
2.3. Electrochemical measurements
The electrochemical characterizations were performed by
CR2025 coin-cell with pure Li as the counter electrode, a Cel-
gard 2400 ﬁlm as the separator and a solution of 1 M LiPF6 in
EC/EMC/DMC (1:1:1 by volume) as electrolyte. And the work-
ing electrodes were prepared by pasting a homogeneous slurry
of 90 wt.% active material and 10 wt.% PVDF binder dissolved in
certain amount of N-methyl pyrrolidinone (NMP) onto a copper
foil, and then dried at 120 ◦C in vacuum oven for 12 h. Electrodes
were punched in the form of 14 mm  diameter disks and then were
pressed under the pressure of 20 MPa. The cells were fabricated in
Ar-ﬁlled glove box and galvanostatic cycled between 0.01 and 2.0 V
(vs. Li/Li+) on a multi-channel cell tester. Cyclic voltammetry (CV)
were carried out using a CHI660A electrochemical workstation at a
scan rate of 0.1 mV  s−1 with a voltage range of 0.01–2.0 V (vs. Li/Li+)
at room temperature. The AC impedance was also performed by a
CHI660A electrochemical workstation, with the frequency range
and voltage amplitude set as 100 kHz to 0.01 Hz and 5 mV,  respec-
tively.
3. Results and discussion
3.1. Structure and morphology of Graphite/Silicon@reGO
composite
In order to investigate the change of GO powder thermal reduc-
tion process, the TG–DTA curve of GO is shown in Fig. 1. There is
a small mass loss (20 wt.%) corresponding to an endothermic peak
around 100 ◦C. This is mainly caused by the loss of absorbed water.
A huge mass of 40 wt.% has been lost and a sharp exothermic peak
appears during the temperature range of 100–300 ◦C which is due
to pyrolysis of the labile oxygen-containing functional groups in
GO [26]. According to the results from Fig. 1, 600 ◦C was selected as
the thermal reduction temperature. At this temperature, the mass
loss ratio of GO is about 60% and the conversion rate of grapheneFig. 1. TG–DTA plot of GO.
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Fig. 2. XRD patterns of the pristine graphite (a), GO (b), reGO (c) prepared from ther-
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raphene oxide in Graphite/Silicon@GO is completely converted to
raphene.
Fig. 2 shows the XRD patterns of the pristine graphite, GO pre-
ared by spray drying, reGO prepared from thermal reduction of
O, nano silicon, Graphite/Silicon@GO and Graphite/Silicon@reGO.
hombohedral structure (3R) phase and hexagonal structure (2H)
hase of graphite crystal are observed in the pristine graphite. The
btained GO just has a broad peak at about 10◦. After thermal
eduction, the peak at about 10◦ disappears and another broader
nd weaker peak at 25◦ is detected. This phenomenon suggests
hat GO is successfully converted to amorphous graphene [27].
ompared the XRD patterns of Graphite/Silicon@GO (Fig. 2e) and
raphite/Silicon@reGO (Fig. 2f), they are almost the same. Both
how characteristic of graphite and silicon phases, and no SiC crys-
alline phase is observed. This indicates that no other impurities are
ntroduced during the annealing process. However, through fur-
her careful analysis (Fig. 2 inset), Graphite/Silicon@GO has a small
eak around 10◦ which is not detected in Graphite/Silicon@reGO.
hat means the graphene oxide in Graphite/Silicon@GO is suc-
essfully thermally reduced. Fig. 3 shows the Raman spectra
ig. 3. Raman spectra for the pristine graphite (a), GO (b), reGO (c) prepared from
hermal reduction of GO, Graphite/Silicon@GO (d) and Graphite/Silicon@reGO (e).Fig. 4. FI-IR spectra of reGO prepared from thermal reduction of GO,
Graphite/Silicon@GO and Graphite/Silicon@reGO.
of the pristine graphite, GO, reGO, Graphite/Silicon@GO and
Graphite/Silicon@reGO. The sharp peaks centered at 506 cm−1 and
931 cm−1 are associated with the spectrum of Si nanoparticles
[29]. And the two  peaks at 1356 cm−1 and 1572 cm−1, corre-
sponding to the D (disordered carbon) and G (graphitic carbon)
bands of graphite respectively, are shown in the Raman spec-
tra of all samples. The ratio of the intensities (ID/IG) denoted
R can provide some information on the structure and domain
size of carbon material. R of GO is markedly increased in con-
trast with graphite, suggesting the formation of some sp3 carbon
by functionalization. After GO is thermally reduced to reGO, R
decreases because of the increase of the size of the in-plane sp2
domain [28]. The same trend can be also seen from the con-
version of Graphite/Silicon@GO to Graphite/Silicon@reGO. The
existence of graphene in Graphite/Silicon@reGO makes R of itself
(0.405) is larger than that of pristine graphite (0.348) due to
partially disordered crystal structure of graphene nanosheets.
Moreover, the FT-IR spectra of reGO prepared from thermal
reduction of GO, Graphite/Silicon@reGO and Graphite/Silicon@GO
presented in Fig. 4 could also prove the reduction of GO.
After annealing, the peaks of some oxygen-containing groups in
Graphite/Silicon@GO, such as C OH (3417 cm−1), C O (1722 cm−1)
and C O C (1211 cm−1) which are often detected in graphene
oxide [30], have drastically decreased.
The morphologies of the samples are shown in Fig. 5. As
observed in the SEM images, graphite has a ﬂake appearance. Nano-
Si power shows a great agglomeration which will exacerbate the
volume effect of silicon particles in the process of alloying and de-
alloying with lithium [31]. In Graphite/Silicon sample obtained by
mechanical blending, nano silicons distribute randomly between
these ﬂake graphite sheets. The spherical Graphite/Silicon@reGO
particles are obtained by spray drying and subsequent annealing.
Their surfaces are mainly constructed by ﬂake graphite sheets.
TEM and HRTEM (Fig. 6) are used to further observe the inter-
nal structures of Graphite/Silicon@reGO particles. TEM image
(Fig. 6a) demonstrates nano spherical silicon and ﬂake graphite are
enwrapped by transparent graphene sheets. HRTEM image (Fig. 6b)
illustrates the presence of interface among graphene, graphite and
silicon. The crystalline plane of graphite (0 0 2) and silicon (1 1 1)
with crystal spaces of 0.34 and 0.31 nm can also be observed.3.2. Electrochemical performance
The charge–discharge curves of graphite, silicon,
Graphite/Silicon and Graphite/Silicon@reGO for the 1st, 2nd
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nd 3rd cycles are presented in Fig. 7. The discharge curves of
raphite show multiple plateaus below 0.2 V corresponding to
he formation of lithium-graphite intercalation compounds [32]
nd the Li+ deintercalation plateau appears at 0.2 V. As shown in
ig. 7b, the ﬁrst insertion of lithium into silicon takes place below
.2 V corresponding to an straight line, and the obvious plateau
t 0.4 V represents the extracting of lithium from silicon [33].
hough the ﬁrst discharge and charge capacity of nano silicon
Fig. 6. TEM and HRTEM images of Graphite/Silicon@reGO.ite/Silicon (c) and Graphite/Silicon@reGO (d).
anode are 2013.8 mAh  g−1 and 1017.0 mAh  g−1, respectively, the
ﬁrst columbic efﬁciency is only 50.5% and the speciﬁc capacity
decays rapidly in the following two cycles. The charge capacity
of Graphite/Silicon@reGO is 575.1 mAh  g−1 and the ﬁrst columbic
efﬁciency is 74.5%. The main difference between Fig. 7c and d
is that the three charge curves in Fig. 7d almost coincide. This
suggests Graphite/Silicon@reGO has better cycle stability.
Fig. 8 shows the cyclic voltammogram of
Graphite/Silicon@reGO. In the ﬁrst cycle, a broad cathodic
peak ranging from 0.8 to 0.6 V indicates the formation of SEI on the
surface of the electrode due to the decomposition of electrolyte
and it disappears from the second cycle. The potential of lithium
intercalation/deintercalation for graphite is below 0.2 V. And the
alloying lithium of silicon occurs around 0.2 V. The de-alloying
mainly occurs at 0.48 V. Another anodic peak around 0.3 V can
be attributed to the structure change of silicon from crystal to
amorphous [34]. It is clear that all the results shown in CV curve
are in good agreement with the charge–discharge curves in
Fig. 7.
Fig. 9 illustrates the cycle performance of graphite, silicon,
Graphite/Silicon and Graphite/Silicon@reGO. It can be seen that
though silicon shows high charge capacity (1017.0 mAh  g−1) in
the ﬁrst cycle, the subsequent decay is so rapid that the capac-
ity drops down to 54.0 mAh  g−1 at the 30th cycle. When nano-Si
is mechanically blended with graphite at a mass ratio of 1:9, the
overall capacity decreases because the capacity of graphite is an
order of magnitude lower than that of silicon. However, the cycling
stability is greatly improved through this method. This is because
that the adding of graphite buffers the volume changes of sili-
con particles and improves the electric conductivity of electrode.
Meanwhile, Graphite/Silicon@reGO still maintains 420.5 mAh  g−1
even after 50 cycles. The capacity retention rate is 73.1%. The
good cycling stability of Graphite/Silicon@reGO may  be attributed
to the following two aspects. One is that the graphene existing
in Graphite/Silicon@reGO can provide a highly conductive matrix
for the connection of nano silicon particles and graphite particles.
This can ensure that a stable electrical contact of active silicons
is sustained in Graphite/Silicon@reGO during the charge/discharge
process. The other reason is that the good resiliency of graphene can
L. Gan et al. / Electrochimica Acta 104 (2013) 117– 123 121
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bsorb the huge volume changes of silicon to maintain the structure
tability during charge–discharge cycles.
The good cyclic performance of Graphite/
ilicon@reGO can be further conﬁrmed by the fact that a rel-
tively stable capacity is obtained even if it goes through large
urrent density charge and discharge (Fig. 9b). This means fast
ithium ion insertion and extraction does not destroy electrode
ntegrity because of the buffer effect of graphene. Fig. 9b also
hows that Graphite/Silicon@reGO has a good rate performance
Fig. 8. Cyclic voltammogram of Graphite/Silicon@reGO.ite/Silicon@reGO (d) for the 1st, 2nd, 3rd cycles at current density 50 mA g−1.
as the graphene networks existed in the composite can provide
pathways for transportation of electrons and lithium ions [21].
To future understand the role of the graphene in the com-
posite, the AC impedance spectrums of Graphite/Silicon and
Graphite/Silicon@reGO after 50 cycles are recorded in Fig. 10. The
equivalent circuit model of the studied system is also shown in the
ﬁgure according to the works reported by others [35,36]. Re rep-
resents the internal resistance of the test battery, Rsei and CPE1
are associated with the resistance and constant phase element
of the SEI ﬁlm, Rct and CPE2 are associated with the charge-
transfer and constant phase element of the electrode/electrolyte
interface, and Zw is associated with the Warburg impedance cor-
responding to the lithium-diffusion process. As shown in Fig. 10,
the high-frequency semicircle corresponds to the resistance Rsei
and CPE1 of the SEI ﬁlm, and the semicircle in the medium-
frequency region is assigned to the charge-transfer resistance
Rct and CPE2 of the electrode/electrolyte interface [37]. The ﬁt-
ted impedance parameters are listed in Table 1. It can be seen
that the SEI ﬁlm resistance Rsei and charge-transfer resistance Rct
of the Graphite/Silicon@reGO electrode are 80.89 and 36.79 ,
which are lower than those of Graphite/Silicon (218.40 and
87.75 ).  This fact conﬁrms that the incorporation of graphene
can buffer volume effect of silicon particles and then inhibit the
growth of passive layer to get a lower SEI resistance. Meanwhile,
the lower charge-transfer resistance of Graphite/Silicon@reGO
proves that graphene can maintain a high conductivity of
the composite electrode and enhance rapid electron trans-
portation during the electrochemical lithium insertion/extraction
reaction.
122 L. Gan et al. / Electrochimica Acta 104 (2013) 117– 123
Table  1
Impedance parameters for Graphite/Silicon and Graphite/Silicon@reGO electrodes.
Electrode Re/ Rsei/ CPE1-T/F CPE1-P Rct/ CPE2-T/F CPE2-P Zw-R/ Zw-T/F Zw-P
Graphite/Silicon 11.23 218.40 3.34E−5 0.68 
Graphite/Silicon@reGO 5.70 80.89 3.80E−5 0.69 
Fig. 9. (a) Cycle performance of graphite, silicon, Graphite/Silicon, Graphite/
Silicon@reGO at 50 mA g−1, (b) capacity versus cycle number for
Graphite/Silicon@reGO at different rates of 50–1000 mA g−1.
Fig. 10. AC impedance spectra with the equivalent circuit model (inset) of
Graphite/Silicon and Graphite/Silicon@reGO electrode after 50th cycle (dot: the
experimental values; line: the ﬁtted values).
[
[
[
[
[
[
[
[
[87.75 1.00E−3 0.98 247.40 14.92 0.32
36.79 6.18E−3 0.66 58.66 3.09 0.43
4. Conclusion
A facile process was  developed to synthesize spherical Graphite/
Silicon@reGO composite by spray drying and subsequent anneal-
ing in the Ar atmosphere at 600 ◦C for 2 h. The graphene constructs
the connection network of ﬂake graphite and nano silicon particles
to form spherical particles. The composite has a high reversible
capacity of 575.1 mAh  g−1 with an initial coulombic efﬁciency of
74.5% and shows a capacity retention ratio of 73.1% after 50 cycles.
And it also presents good rate capability at different rates of
50–1000 mA g−1. Compared with the Graphite/Silicon anode, the
Graphite/Silicon@reGO composite anode has a lower SEI resistance
and charge-transfer resistance due to the existence of graphene.
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